Abstract: Tellurium dielectric resonator metamaterials were fabricated using a newly developed multi-cycle deposition-etch process. Deposition and etching of Tellurium were studied in detail. All the samples showed two transmission minima corresponding to magnetic and electric dipole resonances.
Introduction
The fast development of metamaterials offers the opportunity to tailor the magnitude and sign of the effective permittivity and permeability at will. Applications of metallic metamaterials at optical wavelengths are largely limited by the inherent ohmic losses of metals caused by free carriers. In comparison, 3D dielectric resonators possess the advantages of significantly less material loss, isotropic optical response, and ease of integration into truly bulk volumes. However, nano-fabrication techniques for high permittivity materials have not been well established. Here we present a newly developed multi-cycle deposition-etch process for fabricating Tellurium (Te) dielectric resonator metamaterials.
Fabrication and characterization of Te dielectric resonator metamaterial
The Mie resonances of dielectric inclusions provide a mechanism for the creation of magnetic or electric resonances based on circular or linear displacement currents, respectively. The effective permittivity and permeability of dielectric metamaterials are strongly modified near the electric and magnetic dipole resonances, respectively. Finite differential time domain simulations [1] show that circular (magnetic resonance) and linear (electric resonance) displacement currents exist in both spherical and cubic resonators (Fig. 1) . We choose the cubic design due to ease of fabrication and compatibility with lithography. Te is a suitable resonator material due to its low loss at IR wavelengths and its large refractive index (~5.1) [2] .
Previously, we reported an evaporation and Reactive Ion Etch approach for fabricating cubic Te metamaterials that produced high quality resonators [2] . However, this fabrication technique was not robust and suffered from undercutting issues that were heavily dependent on fabrication conditions. We attempted to overcome these difficulties by employing common metal lift-off techniques using e-beam lithography to define cubic voids in the e- 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America beam resisit, followed by Te deposition. However, pinch-off occurs when unwanted Te also deposits near the photoresist opening and accumulates to the point where the gap closes.
Here we present a robust approach to circumvent this pinch-off problem by cycling deposition and etch processes. The key to the success of our process is to first reduce the Te deposition thickness so that pinch-off doesn't close the resist opening and then perform a brief etch to clear the pinch-off. Subsequently, a second Te deposition is performed without the influence of the pinch-off from the first deposition. The detailed process flow shown in Fig. 2 starts with spinning of polymethyl methacrylate (PMMA) on a BaF 2 substrate. Next, the sample is baked yielding a 3 μm thick film and then e-beam patterned to produce the desired square dimensions and developed, leaving cavity boxes surrounded by un-exposed PMMA. Subsequently, Te is electron-beam evaporated to deposit a 1 μm thick layer of Te on the floor of the cavity. Then, a reactive ion etch (RIE) is performed to clear the pinch-off. These deposition and etch steps are repeated once more to increase the Te thickness inside the cavity. Finally, an additional 300 nm of Te is deposited and liftoff of the PMMA is performed. The result is an array of 3D dielectric resonators standing on BaF 2 . Fig. 3 . SEM images of (a) final Te metamaterial structure using our technique and (b) the Te structure using a single 1.7 μm deposition-liftoff. Fig. 3a shows an SEM image of cubic-like final resonator structure. The final height is estimated to be 1.8 μm. This structure can be compared with a structure of the same design grown by a single deposition of 1.7 μm Te followed by liftoff (Fig. 3b) . The single deposition yields an approximate pyramidal shape in which the top of each dielectric structure shrinks to a small tip. In contrast, the Te metamaterial structure fabricated using our multi-cycle deposition-etch technique has a smaller sidewall slope and larger top mesa area. Figure 4 shows the representative transmission spectra of Te dielectric metamaterial samples measured using Fourier Transform Infrared Spectroscopy. A series of samples was fabricated in which the lateral edge dimension of the resonator was gradually increased while keeping the deposition thickness the same. All the samples show two transmission minima corresponding to the lowest (magnetic dipole) and second lowest (electric dipole) resonances. We also observe spectral overlap (shaded areas) of magnetic and electric dipole resonances for different sizes' resonators. This gives us the potential to realize a low loss negative refractive index material [3] by alternatively arranging Te cubes of different sizes.
To summarize, we have realized 3D, all-dielectric, optical metamaterials using Te in a newly developed multicycle deposition-etch process.
